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Republic of Panama; and Center for Developmental Biology, Department of Zoology,
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The process of embryogenesis is described for the inarticulate brachiopod Discinisca strigata of the family Discinidae. A
fate map has been constructed for the early embryo. The animal half of the egg forms the dorsal ectoderm of the apical and
mantle lobes. The vegetal half forms mesoderm and endoderm and is the site of gastrulation; it also forms the ectoderm of
the ventral regions of the apical and mantle lobes of the larva. The plane of the first cleavage goes through the
animal–vegetal axis of the egg along the future plane of bilateral symmetry of the larva. The timing of regional specification
in these embryos was examined by isolating animal, vegetal, or lateral regions at different times from the 2-cell stage
through gastrulation. Animal halves isolated at the 8-cell and blastula stages formed an epithelial vesicle and did not
gastrulate. When these halves were isolated from blastulae they formed the cell types typical of apical and mantle lobes.
Vegetal halves isolated at all stages gastrulated and formed a more or less normal larva; the only defect these larvae had was
the lack of an apical tuft, which normally forms from cells at the animal pole of the embryo. When lateral isolates were
created at all developmental stages, these halves gastrulated. Cuts which separated presumptive anterior and posterior
regions generated isolates at the 4-cell and blastula stages that formed essentially normal larvae; however, at the midgastrula
stage these halves formed primarily anterior or posterior structures indicating that regional specification had taken place
along the anterior–posterior axis. The plane of the first cleavage, which predicts the plane of bilateral symmetry, can be
shifted by either changing the cleavage pattern that generates the bilateral 16-cell blastomere configuration or by isolating
embryo halves prior to, or during, the 16-cell stage. These results indicate that while the plane of the first cleavage predicts
the axis of bilateral symmetry, the axis is not established until the fourth cleavage. The development of Discinisca is
ompared to development in the inarticulate brachiopod Glottidia of the family Lingulidae and to Phoronis in the phylum
horonida. © 1999 Academic Press
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rINTRODUCTION
There are three extant families of inarticulate brachio-
pods, the Lingulidae, Discinidae, and Craniidae. Paleonto-
logical evidence indicates that the superfamilies to which
these families belong first appeared during the Cambrian
period, about 525 million years ago (Holmer and Popov,
1996; Popov et al., 1996). The Lingulidae and Discinidae
ave a long-lived planktotrophic larva (Long and Stricker,
99l). During the larval period, structures formed during
mbryogenesis increase in size and become more elaborate
nd some new structures develop. The Craniidae have a
1 Address correspondence to author at Department of Zoology,
University of Texas, Austin, TX 78712. Fax: 512-471-9651. E-mailmGFREE@mail.utexas.edu.
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All rights of reproduction in any form reserved.hort-lived lecithotrophic larva (Nielsen, 1991). A descrip-
ion of embryogenesis is available for the living representa-
ives of only two families, the Lingulidae (Yatsu, 1901;
reeman, 1995) and the Craniidae (Nielsen, 1991). The
rocess of embryogenesis is quite different in these two
roups; for example, in Crania (Craniidae), the site of
astrulation becomes the anus of the adult, while in Glot-
idia and Lingula (Lingulidae), this site becomes the mouth
f the larva and adult. One aim of this paper is to describe
he process of embryogenesis in Discinisca strigata in the
amily Discinidae.
Only Glottidia has been used for an experimental study
f regional specification during embryogenesis (Freeman,
995). A fate map was constructed by marking defined
egions of the egg and early cleavage stage embryo. This fate
ap allowed one to establish where gastrulation is initi-
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322 Gary Freemanated, follow morphogenetic movements during early devel-
opment, find out if the principle body axes are correlated
with certain planes of cleavage, and establish which regions
of the early cleavage stage embryo normally became the
different components of the larva. Defined regions, based on
the fate-mapping studies, were also isolated at different
stages of development from before fertilization through
gastrulation in order to determine when these regions
acquired the ability to differentiate according to their pre-
sumptive fate. These experiments provide a picture of when
and where different regions of the embryo are specified
during the course of development. The other aim of this
study is to do a similar set of experiments on D. strigata and
compare the process of regional specification in the species
that represent these two superfamilies. An abstract (Free-
man, 1997) describes one aspect of this work.
MATERIALS AND METHODS
Biological Material
D. strigata was collected at a tidal level of 1l m and below in tide
pools on the rocky shelf that extends out from the shore in Panama
City where the convention center is located. Animals were also
collected at a tidal level of 0 m and below at Naos Island which
lacks tide pools. D. strigata is found on the underside of rocks. If
nimals are removed from this substrate they usually die within
4 h. For this reason rocks containing the animals were transported
o the Naos Marine Lab and were maintained in aquaria with
unning seawater (29°C). Animals were removed from the rocks
ith a single-edged razor blade as needed.
Reproduction in D. strigata is seasonal on the Pacific side of
anama. Samples of animals 10 mm in diameter and larger were
xed in 5% formalin in seawater in July, August 29, October 20,
ecember 16, 1994, January 31, and March 14, 1995. In the July,
ugust, and October samples, sperm with tails were absent in the
estes and the oocytes of most individuals were not yet full grown
under 65 mm in diameter) and had not yet deposited the dark
reddish pigment typical of full-grown oocytes. Sperm with tails or
full-grown oocytes with dark pigment were present in individuals
from the December and January samples. In March a few individu-
als still had sperm with tails and full-grown oocytes with dark
pigment; however, the gonads of most individuals appeared to be
spawned out. The reproductive season (last part of December,
January, and February) begins just before and overlaps the first part
of the dry season in Panama. During this period (last part of
January–first part of February) there is an annual upwelling of cold
nutrient-rich water that causes a plankton bloom along the Pacific
coast (D’Croz et al., 1992). This bloom probably provides food for
the D. strigata larvae.
During the month of January (1996–1998) 50% of females 10
mm or more in diameter had ovaries with ripe oocytes. Among
males 10 mm or greater in diameter, 46% had testes with fully
developed sperm. In males and females below 10 mm in diameter
the percentage with ripe gametes was much smaller.
The seawater at the Naos Lab does not support a high level of
fertilization, slows development, and causes abnormalities at later
stages of development. This situation can be remedied by adding
0.1 mM EDTA to the seawater. Most of the work was done with
Jamarin U artificial seawater (Jamarin Laboratories, Osaka, Japan).
Embryos were reared at 23–24°C. All observations are based on
Copyright © 1999 by Academic Press. All rightcultures derived from dissected gonads. In males, a small biopsy of
the testis was examined with a compound microscope. If sperm
with long tails were present, the entire testis was dissected out and
stored dry in a capillary tube in the refrigerator. Sperm stored this
way could be used for up to 4 days. After storage for about an hour
in the refrigerator, they become active within 5 min after the
addition of seawater. Females with dark brown ovaries, where
individual oocytes loosely adhere to the ovarian stroma, were used
for initiating cultures. The ovary was removed from the female and
macerated in about 3 ml of seawater in a 35- to 10-mm petri dish
and large fragments of the ovary were removed. The oocytes were
washed in three changes of seawater and set aside for 90 min.
During this period the germinal vesicle of each oocyte will break
down if it is going to occur. This can be monitored by examining
the oocytes with transmitted light using a dissecting microscope.
In those oocytes where the germinal vesicle breaks down, the
follicle cells around the oocyte are shed. The percentage of germi-
nal vesicle breakdown for full-grown oocytes varies from less than
1% to about 80% depending on the female. Mature oocytes were
picked out of the dish and fertilized or a sperm suspension was
added to the dish and cleavage stage embryos were picked out. A bit
of stored testis was dispersed by pipetting in 3 ml of seawater and
50 ml of this sperm suspension was then added to the oocytes in 3
ml of seawater. These eggs develop polyspermically at high sperm
concentrations.
Histological Procedures and Specific Markers
In addition to light microscopy on living embryos and larvae,
normal and experimental material was sectioned and studied
histologically to follow embryogenesis and to assess the different
cell types and regions present in larvae from embryos that had been
experimented on (see Freeman, 1991, for procedures). To make it
easier to recognize various cell types in embryos that were experi-
mented on, enzyme histochemistry was used. The localization of
esterase and alkaline phosphatase activity was examined. Both
enzymes are active primarily in the gut. Alkaline phosphatase was
the only one of these markers that was routinely used (see
Freeman, 1993, for procedures).
Fate Mapping, Operative Procedures, and Rearing
Embryos
The vital dyes Nile Blue A and Bismark Brown were used for
fate-mapping studies and for marking regions of eggs or embryos
prior to experiments in which embryos were cut in half, so that the
plane of section and the origin of the half selected could be
identified. Specific regions on the surface of the egg or early embryo
were marked with a Singer micromanipulator by bringing the open
end of a fine capillary tube filled with 2% agar containing the dye
into contact with the surface to be stained (Novikoff, 1938). The
staining process was monitored with a dissecting microscope using
reflected light. In those cases where the site of polar body formation
or the region opposite it was stained, it was necessary to switch
back and forth at frequent intervals between reflected light and
transmitted light because the polar bodies can only be visualized
using transmitted light. Bismark Brown was always used in con-
junction with Nile Blue A; one dye was applied to a polar region
and the other dye was applied to an equatorial region of an embryo.
Both dyes give a stain spot that shows a minimal amount of
diffusion and can be easily recognized in larvae 2 days after the
operation. If embryos are not overstained they develop normally.D. strigata embryos are surrounded by an envelope that is
s of reproduction in any form reserved.
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323Discinisca Regional Specificationnecessary for normal development. An embryo was cut into defined
halves by placing it in a well with a 2% agar base, orienting it, and
pressing through the embryo in its envelope with a fine glass
needle. The tip of another needle was used to make a puncture in
the envelope surrounding one of the halves and that half of the
embryo was expelled through the hole. The surviving half was
checked several times after the operation to make sure that there
was not any subsequent cell loss.
These embryos and larvae tend to swim up to the air–water
interface. After they hatch out of the envelope they are susceptible
to air–water interface-induced death. Individual embryos were
reared in full 2-ml Linbro dishes. These dishes were sealed with a
22-mm coverslip so that there was no air–water interface under the
coverslip. There was enough oxygen in the chamber to support
normal development.
Manipulation of the Plane of the Fourth Cleavage
Plastic microscope slides were made with grooves 60 mm deep
nd 40–50 mm in diameter. Eggs were marked with one vital dye at
the site of polar body formation and one of the blastomeres was
stained with the other vital dye at the two-cell stage in order to
subsequently identify these landmarks. Ten to 15 eight-cell em-
bryos were placed in a drop of seawater on the slide and positioned
over the grooves with a blunt glass needle; no attempt was made to
orient the embryos in the grooves. A coverslip was placed on the
slide and excess water was removed with a blotter so that the
coverslip rested on the surface forcing many of the embryos into
the grooves. This forced the cells of the embryos to take on an
elongated shape which frequently caused a change in their plane of
cleavage. The embryos in the grooves were observed with a
compound microscope using reflected light through the fourth
cleavage. Embryos with an appropriate orientation that cleaved
normally were identified. At the end of the fourth cleavage the slide
was placed in a petri dish filled with seawater and the coverslip was
carefully lifted off while keeping track of appropriately oriented
embryos with a dissecting microscope. These were carefully dis-
lodged from their groove and reared in seawater.
RESULTS
Normal Development and Fate Mapping of the
Embryo
Oogenesis in D. strigata occurs on genital lamellae,
which are folds of the coelomic epithelium that line the
ovary (Fig. 1A). There appear to be two classes of germ cells
in the ovaries of reproductive individuals. A small popula-
tion of roundish cells (ca. 20 mm in diameter) with a
rominent nucleus, a large nucleolus, and basophilic cyto-
lasm are found at intervals along the lamella. These appear
o be premeiotic germ cells that will be used for oogenesis
uring the next reproductive season. There is also a large
ohort of meiotic oocytes, all at the same developmental
tage. In January these large oocytes have a prominent
erminal vesicle with a large nucleolus. The germinal
esicle always has an eccentric position in the oocyte and is
n the part of the oocyte furthest from the region attached to
he genital lamella. The cytoplasm is packed with yolk
ranules; just beneath the cell membrane there is a popu-
ation of small clear vesicles. The oocyte is surrounded by
Copyright © 1999 by Academic Press. All rightn extracellular envelope and the outside of the envelope is
urrounded by follicle cells which form a monolayer. The
ollicle cells and other large somatic cells on the lamellae
etween the oocytes are packed with large osmophilic
ranules. These cells contribute to the dark brown appear-
nce of the ovaries.
Natural spawnings were seen on three occasions. Rocks
ith several D. strigata attached in close proximity (LaBar-
era, 1985) were transported to the lab. In each case where
pawning occurred, it took place during the evening on the
ay the animals were collected. About an hour before
pawning the valves of several brachiopods on a rock gaped
ore than usual. Spawning always began first in males. In
wo cases one male spawned. In one case two males
pawned synchronously. The sperm suspension formed a
tream that moved laterally over the rock face. Sperm in the
tream were not motile; however, 10–15 min after spawn-
ng began, samples of seawater had motile sperm. Sperm
elease took 10–20 min. About 20 min after sperm release
tarted, one to four females released oocytes in a thick
tream over the rock surface. Samples of oocytes that were
ollected as they were being spawned lacked a germinal
esicle and were not surrounded by follicle cells. Follicle
ells and premeiotic oocytes were not spawned (two cases).
ollowing spawning the gape in the valves narrowed in both
ales and females.
Figure 1B shows an oocyte undergoing germinal vesicle
reakdown. The region where the germinal vesicle was can
e recognized in living oocytes as a lenticular yolk-free
egion under the cell membrane. When eggs without a
erminal vesicle were fixed and sectioned (four cases),
xcept for the absence of a germinal vesicle and the pres-
nce of a meiotic spindle I in the yolk-free cytoplasm, they
id not look any different from oocytes prior to the initia-
ion of maturation. These oocytes are 65–70 mm in diameter
(Fig. 2A).
Following addition of sperm, the space between the
oocyte and the membrane surrounding it increased from
less than 2 mm to about 8 mm over a 10-min period. The first
polar body is given off 20 min after sperm addition in the
space between the oocyte and the membrane, and the
second polar body is given off at the same site 15 min later.
A set of eggs (five cases) were fixed after fertilization to see
if the increase in the space between the egg envelope and
the egg was correlated with the disappearance of the small
clear vesicles under the cell membrane. There did not
appear to be a decrease in vesicle number and there was no
discernible change in egg organization.
To establish the relationship between the position of the
germinal vesicle in the oocyte and the site of polar body
formation in the fertilized egg, a number of oocytes were
marked at a point on their surface closest to the germinal
vesicle by staining through the follicle epithelium after
ovary maceration but prior to germinal vesicle breakdown.
Germinal vesicle breakdown starts about 40 min after
maceration. In the 12 marked eggs that matured, the mark
and the lenticular yolk-free region coincided. These eggs
s of reproduction in any form reserved.
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324 Gary FreemanFIG. 1. Sections through an ovary, an oocyte, and embryos at different stages of development. (A) Part of an ovary. The vitellogenic oocyte
on the left is partly surrounded by follicle cells. The arrow points to the somatic cells that make up the genital lamella. The arrowhead
points to a previtellogenic oocyte. The magnification bar indicates 20 mm. (B) Oocyte that has shed its follicle cells and is beginning to
undergo germinal vesicle breakdown. Note the large nucleolus in the germinal vesicle. The magnification bar indicates 20 mm; B–I are at
he same magnification. In B–I, the animal pole (future dorsal side)is up. (C) Two-cell stage; note the envelope around the blastomeres and
olar body. The region just under the cortex of the blastomeres is filled with clear vesicles. These vesicles can also be seen in B–I. (D)
ix-hour blastula. The vegetal cells are slightly larger than the animal cells. (E) Nine-hour blastula. The vegetal cells are beginning to extend
nto the blastocoel. (F) Twelve-hour midgastrula; invagination of the vegetal cells is occurring. (G) Fifteen-hour late gastrula; anterior is to
he left, posterior is to the right. The arrow points to a mesodermal cell. These cells form at the juncture between the ectoderm and
ndoderm. (H) Eighteen-hour late embryo/early larva. The transverse sections H1–H4 are at 20-mm intervals starting at the anterior and
going back. H1–H2 are in the apical lobe; H2 shows the back of the mouth where the alimentary canal begins. The arrow points to
mesodermal cells. H3 shows the endodermal mass in the mantle lobe. H4 shows the setae forming cells (arrow) at the posterior end of the
larva. (I) Thirty-six-hour larva. The transverse sections I1–I4 are at 20-mm intervals starting at the anterior and going back. I1 and I2 are in
he apical lobe and I3 and I4 are in the mantle lobe. Note how thin the dorsal ectoderm is. In I4 the gut expands at the posterior end of the
antle lobe. The arrow in I4 shows a setal cell. I5 is 10 mm back from I4; it shows the anus of the larva.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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325Discinisca Regional Specificationwere subsequently fertilized. In all 12 cases the polar bodies
formed in the stained region. The percentage of oocytes
undergoing germinal vesicle breakdown in these animals is
variable. In these experiments a part of the ovary was
macerated and the percentage of cases showing germinal
vesicle breakdown was determined. If 30% or more of the
oocytes showed germinal vesicle breakdown, another por-
tion of the ovary was macerated and used for the marking
experiments.
It is difficult to locate the polar bodies in cleavage stage
embryos using a dissecting or compound microscope. To
find out how the early cleavage planes are oriented with
reference to the animal–vegetal pole of the egg, the site of
polar body formation or the site directly opposite the polar
bodies was marked in a number of fertilized but uncleaved
eggs. The first cleavage takes place 55–60 min after fertili-
zation. The cleavage is equal and the plane of the furrow
goes through the animal–vegetal axis of the egg (Figs. 1C
and 3AB2). Subsequent cleavages occur at 30-min intervals
and are all equal. The plane of the second cleavage is at right
angles to the plane of the first cleavage and goes through the
animal–vegetal axis of the egg (Figs. 2B and 3AB3). The third
cleavage plane is equatorial and generates four animal and
four vegetal blastomeres (Fig. 10A2). The fourth cleavage
furrow invariably goes through the animal–vegetal axis of
the embryo parallel to the plane of the first cleavage furrow.
This generates an elongate embryo consisting of two rows
of four animal blastomeres and two corresponding rows of
vegetal blastomeres (Figs. 2C and 3AB4, upper). This point
was established by marking part of one blastomere at the
FIG. 2. Whole mounts of an egg, embryos, and larvae. (A) Mat
magnification. (B) Polar view of 4-cell stage. (C) Sixteen-cell stage.
posterior nubin. In E–J, anterior is up. (F) Polar view of 18-h late e
18- to 21-h larva showing the apical and mantle lobes. The arrows
are longer in G. (H) Dorsal view of 21-h larva stained for alkaline p2-cell stage furthest from the cleavage furrow and noting e
Copyright © 1999 by Academic Press. All righthe position of the mark in the 16-cell embryo (Fig. 3C4). In
minority of cases the eight blastomeres in the animal and
egetal halves take on an oblong open blastomere configu-
ation (Fig. 3AB4, lower). The fifth cleavage furrows go
hrough the animal–vegetal axis of the embryo along a
lane parallel to the plane of the second cleavage generating
four-by-four plate of 16 animal cells and a corresponding
late of 16 vegetal cells (Figs. 2D, 3AB5, and 3CD5). The
ixth cleavage furrows are equatorial creating four tiers,
ach composed of 16 cells going from the animal to the
egetal pole of the 64-cell stage embryo.
The times of different developmental events are outlined
n Fig. 4. Following the 64-cell stage, the embryo begins to
ransform into a hollow blastula where all of the cells form
art of the surface. By 4.5 to 5 h of development, a single
ilium is present on each cell. These cilia project through
he envelope that surrounds the egg. Shortly after this
eriod the cells at the vegetal pole of the embryo form a flat
late (Fig. 1D). Eggs marked opposite the site of polar body
ormation (the vegetal pole) had the flat plate marked (Fig.
B6), while eggs marked at the site of polar body formation
the animal pole) had the region opposite the flat plate
arked (Fig. 3A6). The cells that make up the flat plate are
longated and project into the blastocoel (Fig. 1E). At 9 h
astrulation begins as the cells of the vegetal plate invagi-
ate (Fig. 1F). Invagination is initially symmetrical. At
0–11 h an apical tuft made up of long nonmotile cilia
orms at the animal pole. At 13–14 h the anterior–posterior
xis of the embryo becomes evident. This is manifest as
irectionality in swimming with the anterior end of the
unfertilized egg. The bar indicates 20 mm; A–J are at the same
hirty-two-cell stage. (E) Polar view of 14-h late gastrula; note the
o/early larva stained for alkaline phosphatase. (G) Lateral view of
and G, point out the setae. These are beginning to form in F and
atase. (I) Ventral view of 24-h larva. (J) Ventral view of 44-h larva.ured
(D) T
mbry
, in F
hosphmbryo at the front during locomotion; the embryo forms a
s of reproduction in any form reserved.
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326 Gary Freemansmall outgrowth at its posterior end (Fig. 2E). During this
process the blastopore elongates so that it becomes slit-like
(Fig. 1G). During this phase of gastrulation mesenchyme
cells appear at the boundary between the ectoderm and the
invaginating endoderm (Fig. 1G). By this stage an egg
marked at the vegetal pole has internalized this stained
region as the endoderm has invaginated. By 15 h the
elongated blastopore has begun to close at its posterior end
so that only the anterior end is open. In embryos with part
of one blastomere marked at the two-cell stage furthest
from the cleavage furrow, the mark always ends up in the
surface ectoderm on the right or left side of the late gastrula
FIG. 3. Summary of marking experiments that establish the presu
associated with the first and second cleavage planes. The numbers
(1) lateral view of a fertilized egg with a polar body; (2) 2-cell emb
or vegetal pole; (4A, 4B) 16-cell embryo from the animal or veg
configuration seen in a minority of cases; (4C, 4D) lateral view of a
or vegetal pole; (6) lateral view of a 7-h blastula; (7) lateral view of a
of 18-h larva, anterior is to the left; (8C, 8D) ventral view of 18-h la
marking experiments: (A) animal pole marking; (B) vegetal pole ma
These embryos were marked at the 2- and 16-cell stages; (D) equ
experiment the number without parentheses gives the cases initial
of these marks at subsequent developmental stages. In A and C th
the figure.(Fig. 3C8). As a control for the marking experiments, t
Copyright © 1999 by Academic Press. All rightour-cell embryos were marked furthest from the plane of
he second cleavage at a lateral position along the first
leavage plane. The mark ended up in either the anterior or
osterior end of the late gastrula (Fig. 3D8). These marking
xperiments show that the plane of the first cleavage
orresponds to the plane of bilateral symmetry.
Following gastrulation body regions become individuated
rom each other and a number of cell types differentiate.
fter late gastrulation (12–15 h) the posterior region of the
mbryo continues to elongate. Between 18 and 20 h the
mbryo becomes subdivided into an anterior apical and a
osterior mantle lobe (compare Figs. 2F and 2G). During
ve fates of animal and vegetal regions and of the equatorial regions
ss the top of the diagram indicate different developmental stages:
om the animal or vegetal pole; (3) 4-cell embryo from the animal
pole. The bottom part of the figure shows the open blastomere
ll embryo; (5) the square plate-like 32-cell embryo from the animal
astrula. In both 6 and 7 the animal pole is up; (8A, 8B) lateral view
nterior is up. The side letters show the position and results of the
g; (C) equatorial marking parallel to the plane of the first cleavage.
al marking parallel to the plane of the second cleavage. In each
arked, while the number in parentheses indicates the distribution
of cases is above the figure. In B and D the row of cases is belowmpti
acro
ryo fr
etal
16-ce
midg
rva, a
rkin
atori
ly m
e rowhis period the embryo hatches from its envelope.
s of reproduction in any form reserved.
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327Discinisca Regional SpecificationThe ciliated epithelium that makes up the apical lobe is
composed of columnar cells (Fig. 1H). Initially the lobe is a
round plate with an apical tuft on its dorsal anterior surface
and a ventrally located mouth (Fig. 5C); by 24 h it has taken
on the appearance of a triangular plate with the apical tuft
at the apex of the triangle (Figs. 2I and 5D). Each of the three
apices of the triangle elongate and two other sites of
outgrowth appear between the basal apices and the dorsal
apex so that a funnel forms with a mouth at its base and five
tentacle (cirri) rudiments around its periphery by 30 h (Figs.
2J and 5E). Scattered mesenchymal cells are found under-
neath the basement membrane of the epithelial cells that
make up the apical lobe (Fig. 1H).
The epithelial cells that make up the dorsal and lateral
surface of the mantle lobe flatten out and lose their cilia.
These cells have a population of clear vesicles just under
the cell membrane that faces the external surface (Fig. 1I2,
3, and 4). Ventral ectodermal cells of the mantle lobe are
cuboidal and retain their cilia (Fig. 1I3). Between 17 and
18 h of development, two pair of setae begin to grow out of
the left and right sides of the posterior region of the embryo
which will become the mantle lobe (Fig. 2F). The setae
appear to originate from individual ectodermal cells that
delaminate from, and take up a position just under, the
surface epithelium. These cells increase in size, the cyto-
plasm becomes basophilic, and the portion of the setae
being synthesized can be seen in it. The nucleus of these
FIG. 4. Time course of development from fertilization through
events occur. The bars at the bottom indicate the developmental s
experiments.cells is larger than the nucleus of other cells and it has a t
Copyright © 1999 by Academic Press. All rightrominent nucleolus (Fig. 8E). The setae rapidly attain a
ength that is several times the length of the larva. After
bout 44 h a third pair of setae begins to form in the same
egion as the first two pairs. At the same time a nonmotile
nal cilium forms.
Embryos marked at an equatorial position corresponding
o the plane of the first or second cleavage (Figs. 3C and 3D)
ere reared beyond the late gastrula stage and the position
f the mark was noted at different intervals through the
evelopment of the 36-h larva. The experiments where an
quatorial mark was placed along the plane of the first
leavage (Fig. 3D) were particularly instructive. When the
ark ended up in the anterior region of the late gastrula, the
tain always appeared in the apical lobe in a small discrete
pot between the mouth and the dorsal tentacle. When the
osterior position of the late gastrula is stained, the stain
as found as a long stripe primarily on the dorsal surface of
he mantle lobe of the larva (Fig. 5). This suggests that
longation of the embryo occurs primarily as a consequence
f the flattening and the active extension of the dorsal
osterior ectoderm of the embryo. Equatorial marks lateral
o the plane of first cleavage (Fig. 3C) also elongate in the
osterior region of the embryo. They usually extend from
he edge of the apical lobe to the region where the setae
orm (Fig. 10B).
After cells in the vegetal region of the embryo invaginate
hey retain their ciliation. Histochemical alkaline phospha-
The top of the diagram indicates when different developmental
and times when different regions of the embryo were isolated in44 h.
tagesase activity has been used here as a marker of gut differ-
s of reproduction in any form reserved.
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328 Gary Freemanentiation. This enzyme activity is not present at 15 h, but it
appears in the posterior region of the endoderm by 18 h (Fig.
2F). Three hours later the entire alimentary tract is alkaline
phosphatase positive (Fig. 2H). This enzyme activity is
found only in this tissue at subsequent developmental
stages. By 24 h of development the gut has become divided
into a narrow alimentary canal and a large round stomach
(Figs. 1I3, 1I4, and 2I) with setal sacs on each side. At this
point the only opening in the gut is the mouth, which is
derived from the blastopore. A ventral posterior anus forms
by 36 h (Fig. 1I5). The canal that connects the base of the
stomach to the anus is not alkaline phosphatase positive.
The mesoderm originates during gastrulation at the junc-
tion between the ectoderm and endoderm. These cells
move into the space between the ectoderm and endoderm
where they exist as individual cells (Figs. 1G and 1H).
During the period between 12 and 48 h they do not organize
to form a coelom. The only region of the larva where their
density is high is around the setae (Figs. 1I4, and 8E); here
they differentiate into muscle cells which attach setal cells
FIG. 5. Changes in the apical lobe during development and a summ
lane end up and how they are distorted. (A) Four-cell embryo wit
osterior region. The first and second cleavage planes are marked;
op row shows ventral views of developing larvae, anterior is up. Th
eft. When a four-cell embryo is marked one cannot predict anteri
arentheses at the anterior and posterior end of the four-cell st
arentheses indicate the numbers of cases followed at subsequent
he elongate nature of the mark in the mantle lobe.to the gut. Between 21 and 24 h the setae which trail behind
Copyright © 1999 by Academic Press. All righthe posterior end of the developing larva acquire the ability
o move; when the larva bumps into a barrier the body
ontracts and the setae stick out 90° from the body in
arious directions.
Development of these larvae stops about 48 h after
ertilization. Larval feeding is necessary for subsequent
rowth and differentiation.
Regional Specification during Embryogenesis
The timing of regional specification was addressed by
isolating animal, vegetal, and lateral (transverse and sagit-
tal) halves from embryos at different developmental stages
and examining their ability to differentiate. The times
when these isolation experiments were carried out include
early cleavage, blastula, midgastrula, and late gastrula
stages (Fig. 4). Because of the small size of these embryos
and the membrane around them, only half of the embryo
was routinely isolated. The way these halves differentiated
was compared to what one would expect for a half of that
of where marks placed at an equatorial level along the first cleavage
ross-hatched presumptive anterior region and a solid presumptive
4-h, late gastrula; (C) 21-h larva; (D) 25-h larva; (E) 30-h larva. The
ttom row shows lateral views of the same stages, anterior is to the
rsus posterior position in the future larva. The numbers without
ndicate the numbers of cases initially marked; the numbers in
s. Note the compact nature of the mark in the apical lobe versusary
h a c
(B) 1
e bo
or ve
age i
stageclass given the fate map of the embryo.
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329Discinisca Regional SpecificationFigure 6A shows where the cuts were made on marked
embryos to create animal and vegetal halves at different
developmental stages. The way animal or vegetal halves
develop depends on their stage of embryogenesis at isola-
tion (Table 1). Animal and vegetal halves isolated at the
eight-cell and blastula stages were from embryos marked at
the site of polar body formation or opposite this site as
fertilized eggs. The animal halves from eight-cell embryos
developed into hollow epithelial vesicles covered, in most
cases, with nonmotile apical tuft cilia over all or a good part
of their surface (Figs. 7A, 8A, and 9); in the region where
apical tuft cilia were not present, shorter motile cilia were
found. These halves showed no sign of gastrulation; there
was no histological evidence that they had formed
endoderm or mesoderm and they did not develop alkaline
FIG. 6. Diagram illustrating operations used to create animal,
vegetal, bilateral, and anterior and posterior halves at cleavage
through late gastrula stages. The times when these operations were
performed are given in Fig. 4. (A) Operations used to create animal
and vegetal halves. All of the embryos in the row are shown in
lateral view. (B) Operations used to create lateral halves by cutting
along the presumptive plane of bilateral symmetry. Cleavage stage
embryos were cut at either the 2- or 16-cell stage. The embryos cut
at the blastula and midgastrula stages are shown in lateral view and
from the animal pole. (C) Operations used to create presumptive
anterior and posterior lateral halves. The 4-cell embryo is shown
from the animal or vegetal pole. The blastula and midgastrula stage
embryos are shown in lateral view and from the animal pole. The
late gastrula is shown from the animal pole. The presumptive
anterior end is to the left. The solid and hatched areas indicate stain
marks that were placed on the embryo at an earlier developmental
period.phosphatase-positive cells. In most cases vegetal halves
Copyright © 1999 by Academic Press. All rightrom eight-cell embryos gastrulated and developed into
alf-sized larvae with an apical and mantle lobe (Figs. 7B
nd 8B). The only consistent defect associated with these
arvae is a lack of an apical tuft. Setae formed at the
osterior end of the mantle lobe. They had a normal gut and
esenchymal cells.
The type of isolate that developed from animal halves of
lastulae was variable (Figs. 7C, 7D, and 8C). In 33% of the
ases these isolates were clearly subdivided into apical and
antle lobes. In most cases the apical lobe had an apical
uft and the mantle lobe had setae; however, the mantle
obe was frequently much smaller than it would normally
e with reference to the size of the apical lobe. Two-thirds
f the isolates formed setae. Over two-thirds of the isolates
lso formed an apical tuft. The apical tuft was enlarged in
bout a fourth of these cases; however, in none of these
ases was the size of the area occupied by the tuft as
xtensive as that seen in animal halves from eight-cell
mbryos (Fig. 9). There was no indication that any of these
ases gastrulated and no histological evidence for gut; what
ould be mesenchymal cells were only seen in two cases.
nly one of the isolates tested had cells that were alkaline
hosphatase positive; in this case there was only a small
ubbin of alkaline phosphatase cells (Fig. 7D). These ecto-
ermal hulls swim around; however, when they bump the
ide of the container, the setae do not elevate from the body,
resumably because they lack muscle cells. Vegetal halves
rom blastulae develop into larvae with apical and mantle
obes; however, these larvae lack an apical tuft, just as the
egetal halves from the eight-cell embryos do. These halves
astrulate and form a gut and mesenchymal cells. These
esults show that the ability to gastrulate and form a gut is
property of the vegetal region of the embryo. The epithe-
ium that makes up the animal half of the embryo has the
nnate ability to form apical tuft cilia, but it must interact
ith the vegetal part of the embryo in order to regulate the
ize of the apical tuft, form an apical and a mantle lobe, and
ifferentiate setae.
Animal halves isolated from gastrulae differ from eight-
ell and blastula isolates because they contain endoderm
hich has invaginated during gastrulation. Most of these
solates form an apical and a mantle lobe; the apical lobe
as a normal-sized apical tuft and the mantle lobe has setae.
hese cases also have a gut and mesenchymal cells (Figs. 7E
nd 8D) as demonstrated by histological sections and alka-
ine phosphatase staining. The setae move in these larvae
ndicating functional muscle. The presence of mesenchyme
ells is of interest because in intact 11- to 12-h gastrulae
hey are just beginning to form in only the vegetal region of
he embryo. The fact that they are present in these isolates
uggests that they form after the operation, possibly as a
onsequence of an interaction between the ectoderm and
ndoderm when these germ layers heal together. Vegetal
alves of gastrulae develop just as they do when they are
solated from eight-cell and blastula embryos. They form
ssentially normal larvae that lack an apical tuft (Fig. 7F).
Sagittal halves were made via a cut along the presumptive
s of reproduction in any form reserved.
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330 Gary Freemanplane of bilateral symmetry (Fig. 6B). These halves include
both animal and vegetal regions of the embryo and therefore
they also serve as a control for the experiments where
animal and vegetal halves were isolated at different devel-
opmental stages. To orient the embryos for the purpose of
cutting them in half at blastula and gastrula stages of
development they had to be marked at earlier developmen-
tal stages. For these experiments the site of polar body
formation was marked with Bismark Brown prior to the
first cleavage and in these same embryos the plane of the
first cleavage was marked with Nile Blue by marking the
site on one blastomere furthest from the furrow at the 2-cell
stage or a blastomere furthest from this plane at the 16-cell
stage. Almost every sagittal isolate formed a normal larva
with an apical and a mantle lobe regardless of the stage
when it was isolated. Virtually all of these cases gastrulated
and formed a gut and mesenchymal cells. The only abnor-
mality that was related to the stage when the half was
isolated involved setae. Over half of the sagittal halves
isolated at the 2- and 8-cell stages had three or four setae. In
most cases these were on the right and left sides of the larva
(Fig. 7G). When sagittal halves were isolated at the gastrula
stage, instead of having a pair of setae on each side of the
gut, in most cases only one pair formed on either the right
or the left side (Fig. 7H). Mesenchyme cells were present on
the side where the setae did not form and the gut and
epidermis looked normal (Fig. 8E). Table 2 compares the
distribution of setae on the mantle lobes of isolates made at
TABLE 1
Differentiation of Defined Embryo Halves Isolated at Different De
Kinds of isolate
Developmental
stage
Number
of cases
Ty
Ciliated
blastula AL
Animal Eight cell 23 23
Blastula 21 3 11
Midgastrula 21 2 3
Vegetal Eight cell 19 6 1
Blastula 21
Midgastrula 22 1
Lateral- Two cell 20 6
plane bilateral Eight cell 22 2
segments Blastula 22 5 2
Midgastrula 21
Lateral Four cell 21 1 2
anterior–posterior Blastula 23 1
Midgastrula 36 9
Late gastrula
anterior
22 12
Late gastrula
posterior
22
Note. AL, apical lobe; SAL, small apical lobe; ML, mantle lobe; Scleavage, blastula, and midgastrula stages of development. s
Copyright © 1999 by Academic Press. All righthe lack of setae on one side of a midgastrula stage isolate
ay reflect the fact that setal formation is already specified
n the future mantle lobe at this developmental stage and
he removal of this precursor cell population does not result
n regulation. The fact that the apical lobe, which forms
wo tentacles on one side of the axis of bilateral symmetry,
evelops normally after a sagittal cut is made at the gastrula
tage suggests that its final shape is not yet specified.
The last set of experiments in this series isolated anterior
r posterior regions of the larva through a transverse cut at
ifferent developmental stages (Fig. 6C). The embryos to be
perated on at the four-cell, blastula, and midgastrula stages
ere marked so that they could be appropriately oriented in
he same way as embryos separated into halves by a
ilateral cut. At the four-cell, blastula, and midgastrula
tages it is not possible to say which half is a presumptive
nterior or posterior isolate at the time the operation is
one, so this set of operations was extended to an additional
tage, the late gastrula, at 14–15 h of development, where
nterior and posterior regions can be distinguished. When a
ut is used to generate presumptive anterior and posterior
egions at the four-cell and blastula stages, most of the
solates develop into essentially normal larvae with an
pical and a mantle lobe (Fig. 7I). These isolates gastrulate
nd form a gut and mesenchymal cells. Almost all of these
solates have setae; however, less than half of the isolates
ave an apical tuft. In this respect these isolates differ from
solates made along the presumptive plane of bilateral
mental Stages
f larvae
External
cell types
Internal cell types
AL
ML
AL
ML
SAL
ML AT Setae
Alkaline
phosphatase
(gut)
Histology
G M
23 0 0/2 0/12 1/12?
6 1 17 14 1/4 0/13 2/13?
16 16 17 6/6 6/6 6/6
12 0 12 4/4 6/6 6/6
19 2 0 19 3/3 11/11 11/11
18 3 0 18 4/4 8/8 8/8
14 15 14 2/4 12/12 12/12
20 18 16 3/3 8/8 8/8
3 12 17 14 2/3 3/3 3/3
21 17 21 6/6 6/6
1 16 1 10 13 3/3 9/9 9/9
2 19 1 12 22 2/2 2/2
12 3 12 16 21 8/8 13/13 13/13
10 21 5 4/4 7/7 7/7
5 17 0 22 3/3 8/8 8/8
small mantle lobe; AT, apical tuft; G, gut; M, mesenchymal cells.velop
pe o
S
ML,ymmetry at the four-cell and midgastrula stages where
s of reproduction in any form reserved.
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331Discinisca Regional Specificationmost cases have an apical tuft. In both the lateral cut along
the presumptive plane of bilateral symmetry and the cut
that separates the presumptive anterior and posterior re-
gions, the apical tuft-forming region must be very close to,
or be bisected by, the cut. These results with presumptive
anterior and posterior isolates suggest that isolates with an
apical tuft may be derived from the presumptive anterior
region of the embryo while many of the isolates that lack a
tuft may be from the presumptive posterior region of the
embryo. There is no difference in the relative sizes of apical
lobes in those with an apical tuft versus those that lack an
apical tuft.
The differentiation patterns of anterior and posterior
halves from mid- and late gastrulae are very different from
comparable isolates produced at the four-cell and blastula
stages. Both anterior and posterior halves from gastrula
FIG. 7. Whole mounts of larvae derived from experiments. (A) A
vesicle. The magnification bar indicates 20 mm. All of the photogr
embryo. An apical and a mantle lobe are present. (C) Animal half fr
stained with alkaline phosphatase from a blastula. Only a few alkal
a gastrula. An apical and a mantle lobe are present. (F) Vegetal half f
from a two-cell embryo. An apical and a mantle lobe are present. No
lobe are present. Note only two setae on one side. (I) Either a presum
lobe are present. (J) Presumptive anterior half from a midgastrula.
midgastrula. Note the small apical lobe and the mantle lobe with f
lobe is reduced to a nubbin, but a mantle lobe with four setae is pstages continue to gastrulate and form gut and mesenchyme g
Copyright © 1999 by Academic Press. All rightells. The differentiation of isolates from late gastrulae will
e considered first. At this stage anterior halves formed an
pical lobe with an apical tuft. In about half the cases the
antle lobe is absent and there are no setae; in the other
alf of the cases the mantle lobe is disproportionately
mall; of the 10 cases with a mantle lobe, only 5 formed
etae. Most of the posterior halves formed a disproportion-
tely small apical lobe that lacked an apical tuft. Each of
hese cases formed a normal-sized mantle with setae. The
solates made from midgastrulae differentiated like either
nterior or posterior halves of late gastrulae (Figs. 7J–7L).
here were only three cases where a normal-sized apical
obe with an apical tuft and a normal-sized mantle lobe
ith setae formed from a given isolate. These results
uggest that the future anterior and posterior regions of the
arva are specified between the blastula (7–8 h) and mid-
al half from an eight-cell embryo. The larva consists of a ciliated
are at the same magnification. (B) Vegetal half from an eight-cell
blastula. An apical and a mantle lobe are present. (D) Animal half,
hosphatase-staining cells are present (arrow). (E) Animal half from
a gastrula. An apical and a mantle lobe are present. (G) Sagittal half
e four setae. (H) Sagittal half from a gastrula. An apical and a mantle
e anterior or posterior half from a blastula. An apical and a mantle
y an apical lobe is present. (K) Presumptive posterior half from a
etae. (L) Presumptive posterior half from a midgastrula. The apical
t.nim
aphs
om a
ine p
rom
te th
ptiv
Onl
our s
resenastrula (11–12 h) stages of development.
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332 Gary FreemanThe Effect of Changing the Fourth Cleavage Plane
on the Larval Plane of Bilateral Symmetry
The marking studies show that the plane of bilateral sym-
metry, along which anterior and posterior regional specifica-
FIG. 8. Sections through larvae derived from experimental embry
indicates 20 mm; A–D are at the same magnification. (B) Vegetal hal
shows two setae. (D) Animal half from a gastrula. Note the gut an
the setal mother cell on one side and associated mesenchymal cel
a mesenchymal cell on this side.
FIG. 9. Morphology of the apical tuft in animal halves from eight-
cell and blastula stage isolates. (A) A normal apical tuft. These cilia are
long and nonmotile and form a contiguous region that makes up less
than 15° of the isolate’s cross-sectional surface. The remaining cilia
are short and motile. (B) A moderately enlarged apical tuft. The tuft
occupies a contiguous region that makes up 45–270° of the isolate’s
cross-sectional surface. (C) An extreme apical tuft phenotype. The
apical tuft cilia occupy the entire surface of the isolate. The number of
these apical tuft phenotypes in animal halves of eight-cell and blastula
stage isolates is given. The animal half isolates from blastulae may
have also formed setae; however, none of the cases that also had a
mantle lobe are included here. The setae are always found on the partcof the isolate opposite the apical tuft (six cases).
Copyright © 1999 by Academic Press. All rightion events occur, is correlated with the plane of the first
leavage. Subsequent cleavages during early embryogenesis
ccur in an invariant manner with respect to the first cleavage
lane. This suggests that some kind of a cue may exist prior to
nterior–posterior regional specification that may be a cause
r a consequence of the pattern of cleavage that plays a role in
he anterior–posterior specification process. The purpose of
his set of experiments is to find out if changing the plane of
he fourth cleavage, so that it parallels the plane of the second
leavage instead of the first cleavage plane, will change the
xis of bilateral symmetry of the embryo. The furrow pattern
uring the fourth cleavage was changed by inserting marked
ntact embryos in a narrow groove which caused the cells of
he embryo to elongate (Fig. 10A). When appropriately ori-
nted embryos cleaved, in most cases the plane of the fourth
leavage furrows was perpendicular to the long axis of the
roove. Embryos that cleaved in an appropriate manner were
emoved from the groove and cultured. The effect of the
hange in the cleavage pattern was assayed by marking one
lastomere of a 2-cell embryo furthest from the plane of the
rst cleavage before the experiment. This mark normally ends
p at a lateral end of a 16-cell embryo and a lateral side of the
arva.
Embryos that were forced into an elongated configuration
t the 8-cell stage developed into normal larvae. When the
lane of the fourth cleavage is changed (Fig. 10B4b), the
ark ends up in a central position in the 16-cell embryo and
ither the anterior or the posterior end of the larva. In
A) Animal half from an eight-cell embryo. The magnification bar
an eight-cell embryo. (C) Animal half from a blastula. The arrow
e. (E) Sagittal half from gastrula viewed in a frontal section. Note
ote the absence of a setal cell on the other side. The arrow showsos. (
f from
d seta
ls. Nontrols where the plane of the fourth cleavage was not
s of reproduction in any form reserved.
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333Discinisca Regional Specificationchanged (Fig. 10B4a), the plane of bilateral symmetry cor-
responds to the plane of the first cleavage. Thus, changing
the plane of the fourth cleavage changes the axis of bilateral
symmetry of the larva. These results suggest that there is an
early stage during development when interactions between
cells occur that set up the axis of bilateral symmetry. The
arrangement of blastomeres determines which cells will
interact with each other.
TABLE 2
Number and Distribution (Side) of Setae in Lateral Halves of Emb
Kind of isolate Stage
1
One Both
Bilateral Two cell 5
Eight cell 2
Blastula 1
Midgastrula 1
Anterior–posterior Four cell 3
Blastula 5
Midgastrula 1
FIG. 10. Design and summary of results for experiments where th
lanes of the second cleavage. (A) Experimental design: (1) Marked 2
ncleaved eggs. The lateral mark furthest from the plane of the firs
o being inserted into the groove. (3a) Eight-cell embryo in the gro
ateral mark at the end of the elongated embryo. (4a) Embryo from
his case the plane of the fourth cleavage parallels the plane of the
ateral wall of the groove and the mark in the center of the elonga
he plane of the fourth cleavage paralleled the plane of the second
n the two classes of 16-cell embryos. The top horizontal column s
p showing different staining patterns. The distribution of the latera
mbryo.
Copyright © 1999 by Academic Press. All rightAdditional Observations on the Establishment of
the Plane of Bilateral Symmetry
The initial cleavage planes in the Discinisca embryo are
enerated in a stereotypical manner. In the experiments
here uncleaved eggs and cleavage stage embryos were
arked and halves were isolated, the position of these
arks was examined at subsequent cleavage stages to see if
Isolated at Different Developmental Stages
Number of setae and sides
2 3 4
ne Both One Both One Both
2 2 3 2
1 5 4 4
3 5 4 1
15 2 1 2
2 6 2
3 7 1 4 2
1 1 4 14
nes of the fourth cleavage were altered so that they paralleled the
embryo. The site of polar body formation was marked in fertilized
avage was added at the 2-cell stage. (2) Marked 8-cell embryo prior
ith its animal pole against the lateral wall of the groove and the
fter the fourth cleavage. This is the control for the experiment. In
cleavage. (3b) Eight-cell embryo with its animal pole against the
mbryo. (4b) Embryo from 3b after the fourth cleavage. In this case
age. (B) Results: The left column shows the position of the mark
36-h larvae viewed from their ventral surface with the apical lobe
in mark on the surface of the larva is shown for each class of 16-cellryos
Oe pla
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334 Gary Freemanthe pattern of cleavage changed and if the axis of the larva
changed with respect to the mark (Fig. 11). The normal
cleavage pattern in an intact embryo is shown in Fig. 11A.
When one blastomere is isolated at the 2-cell stage, in most
cases it continues to cleave as it would in an intact embryo
(Fig. 11B, left). When an intact embryo has 32 cells, the
isolate has 16 cells. These elongate embryos have two rows
of animal blastomeres and two corresponding rows of
vegetal blastomeres; however, the cleavage that generates
the 16-cell stage is parallel to the plane of the second
cleavage rather than the plane of the first cleavage. This can
be inferred because the lateral mark is in the middle rather
than at the end of the row of cells. When a lateral region of
one blastomere is marked furthest from the cleavage furrow
at the 2-cell stage, the mark normally ends up in a lateral
position in an intact larva (Fig. 11A). In these lateral half
embryos that developed into normal larvae, the mark ended
up at either the anterior or the posterior end of a given larva,
indicating that the presumptive anterior–posterior axis had
been altered. In a minority of cases (two), the blastomere
isolated at the 2-cell stage cleaved again along the plane of
the former first cleavage furrow (Fig. 11B, right). This can be
inferred by noting that the lateral mark is found in only one
blastomere and is furthest from the furrow, while the polar
stain mark straddles the furrow. The next cleavage was
equatorial giving two animal and two vegetal blastomeres.
The fourth cleavage was parallel to the plane of the first
cleavage and generated a row of 4 animal and 4 vegetal cells.
In these cases the lateral mark was at the end of the row. At
the 16-cell stage, the cleavage was along the plane parallel
to the second cleavage plane. These two cases developed
into larvae with the lateral mark in a lateral position. When
a bilateral half of a marked 16-cell embryo was isolated (Fig.
11D), the next cleavage occurred just as it would in an
intact embryo. The mark which had an end position in the
initial 16-cell embryo acquired a central position in the new
16-cell embryo that forms at the next cleavage. In the
halves that developed into normal larvae, in most cases the
mark ended up at either the anterior or posterior end of a
larva as it did for many of the blastomeres isolated at the
2-cell stage, indicating that the presumptive plane of bilat-
eral symmetry could also be changed at this slightly later
developmental stage. However, in two cases the axis was
not changed. When presumptive bilateral halves of marked
blastulae were isolated, the mark was always in a lateral
position in the larvae (Fig. 11E). These observations suggest
that while the presumptive plane of bilateral symmetry of
the larva is correlated with the plane of the first cleavage,
FIG. 11. The effect of removing half of an early embryo on the pa
the isolates that differentiated. In each case the animal or vegetal p
on one blastomere furthest from the plane of the first cleavage in t
at each stage. The number by the late stage embryos or larvae gi
cleavage pattern in an intact embryo and a 24-h larva viewed from
blastomere of the 2-cell embryo. In the column at the left the normal c
Copyright © 1999 by Academic Press. All righthe plane of bilateral symmetry is labile and can be changed
hrough the 16-cell stage by manipulating blastomere con-
act patterns. By the blastula stage of development the
lane of bilateral symmetry has been set up, even though
egulation can occur along its anterior–posterior axis.
The last set of observations deals with the isolation of
ither marked animal (Fig. 11C) or vegetal halves (not
hown) of eight-cell stage embryos. Both tiers of cells go on
leaving just as they would in an intact embryo. The animal
alves formed an epithelial vesicle. In those cases where
ome motile cilia are present, the mark is always opposite
he region where the motile cilia are. The vegetal halves
astrulate and form almost normal larvae. During gastrula-
ion the mark is always at the blastopore. These observa-
ions indicate that at the eight-cell stage the animal–vegetal
omponent of the plane of bilateral symmetry is stable.
DISCUSSION
Embryogenesis, the Fate Map, and Regional
Specification in Discinisca
The larvae of discinid brachiopods have been known from
plankton samples for well over 100 years. The youngest
planktonic larvae described (Chuang, 1977) resemble the
44-h Discinisca larva. This planktonic larva has two pairs of
ong setae and a third pair is beginning to grow. The apical
obe consists of five tentacles, a dorsal tentacle, and two
ateral tentacles or cirri on each side of the apical lobe. At
his stage these larvae have not yet formed a mantle. As
hese larvae grow the number of pairs of cirri increases and
mantle forms.
In Discinisca the site of polar body formation corresponds
o the eccentric position of the germinal vesicle in the
ull-grown oocyte. During embryogenesis the early cleav-
ges occur in a stereotypical pattern with reference to the
olar bodies. One feature generated by the cleavage pattern
s a transient elongate 16-cell stage. Following the forma-
ion of a hollow ciliated blastula, gastrulation is initiated by
nvagination of the epithelium that makes up the vegetal
ole of the embryo. During gastrulation mesodermal cells
orm at the junction between ectoderm and endoderm.
uring late gastrulation the future posterior end or pre-
umptive mantle lobe of the larva begins to elongate.
ollowing gastrulation, regional differentiation of the com-
onents that make up the larva occurs.
Figure 12A shows the fate map of a larva projected on an
gg. The animal pole is the site where the apical tuft, which
of cleavage in the remaining half and the symmetry properties of
f the embryo has been marked and in most experiments the point
cell embryo has also been marked. The number of cases is shown
he number of cases with that distribution of marks. (A) Normal
orsal side showing the position of the marks. (B) Removal of onettern
ole o
he 2-
ves t
its dleavage pattern is generated by the remaining blastomere and the
s of reproduction in any form reserved.
335Discinisca Regional Specificationlateral-most region of the 2-cell embryo acquires a central position in the 16-cell embryo. The upper larva is viewed from its dorsal surface;
the lower larva is viewed from its ventral surface. These larvae have had their presumptive plane of bilateral symmetry changed. In the
column on the right the second cleavage took place in the same plane as the first cleavage instead of shifting 90° around the animal–vegetal
axis. Subsequent cleavages occurred as they would in an intact embryo. The larva is shown in dorsal view and has a normal set of symmetry
properties. (C) An animal half isolated from an 8-cell stage. It continues to cleave as it would in an intact embryo and forms an epithelial
vesicle. The stain is always associated with the apical tuft. When a vegetal half is isolated at the 8-cell stage it continues to cleave as it
normally would (data not shown) and the mark is always associated with the site of gastrulation. (D) Lateral half isolated from a 16-cell
embryo. These halves continue to cleave as they would in an intact embryo and the lateral-most region of the 2-cell embryo acquires a
central position in the 16-cell embryo. The top-most larva in dorsal view has retained the presumptive plane of bilateral symmetry. The
middle and lower larvae, in dorsal and ventral view, respectively, have had their presumptive plane of bilateral symmetry changed. (E)
Lateral half isolated from a blastula. At this stage the cleavage pattern cannot be followed. These cases developed into normal larvae, in
dorsal view, with the presumptive plane of bilateral symmetry unchanged.Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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336 Gary Freemanwill become the dorsal tentacle, forms. At the vegetal pole
the blastopore where the endoderm invaginates becomes
the mouth. The plane of the first cleavage, which passes
along the animal–vegetal axis of the embryo, corresponds
under normal conditions to the plane of bilateral symmetry.
Roughly the same amount of ectoderm is allocated to the
apical and mantle lobes.
The animal and vegetal regions of the early cleavage stage
FIG. 12. A comparison of selected developmental stages for
Glottidia, Discinisca, and Phoronis. (A) The fate maps of these
mbryos are projected on uncleaved eggs. In each case the animal
ole is up, marked by polar bodies, and the vegetal pole is down;
nterior is to the left and posterior is to the right. The same
rientation is used in rows B–E. (B) Sixteen-cell stage. The different
lastomere configurations are shown. The single dotted line for
lottidia and Discinisca indicates the plane of bilateral symmetry;
the two dotted lines for Phoronis indicate that the plane of bilateral
symmetry cannot be predicted. (C) Blastula stage embryos indicat-
ing localized cytoplasmic differences (outer dotted circle) and
inductive interactions (arrows) that play a role in regional specifi-
cation. In the outer circle the black region indicates animal–vegetal
cytoplasmic differences and the dotted region indicates anterior–
posterior cytoplasmic differences. (D) Late gastrulation showing
the morphogenetic movements. (E) Early larva.embryo (eight-cell stage) have different developmental po-
Copyright © 1999 by Academic Press. All rightentials while presumptive anterior and posterior blas-
omeres do not have different developmental potentials at
his time. Only the animal region has the ability to form the
ong nonmotile cilia of the apical tuft; only the vegetal
egion has the potential to form endoderm and gastrulate.
hile the differences along the animal–vegetal axis of the
mbryo clearly exist by the eight-cell stage, the possibility
xists that these differences emerged at a still earlier period
uch as oogenesis.
When animal halves were isolated from blastulae rather
han eight-cell embryos, in most cases they did not form an
nlarged apical tuft and over half of these cases differenti-
ted both a normal apical tuft and setae, markers of both the
pical and the mantle lobe; they are essentially differenti-
ted ectodermal hulls. The results suggest that the longer
eriod of contact (3 h) between the presumptive ectoderm
nd the vegetal region of the embryo allowed the animal
ctoderm to develop as apical and mantle lobe epithelium.
his implies that the vegetal region of the embryo normally
ends a signal to the animal region that inhibits the spread
f apical tuft differentiation and promotes region-specific
ctodermal differentiation. There is no evidence that the
nimal region of the embryo affects the ability of the
egetal region to develop. The vegetal region of the early
mbryo normally contains an ectoderm-forming area.
The first cleavage plane normally corresponds to the
lane of bilateral symmetry in intact embryos. The experi-
ents where the plane of the fourth cleavage was changed
o that it paralleled the plane of the second cleavage and the
emonstration that the plane of bilateral symmetry can be
hifted 90° in lateral halves from 2- and 16-cell embryos but
ot in comparable lateral halves of blastulae suggest that
he plane of bilateral symmetry is set up some time be-
ween the 16-cell and blastula stages of development. At a
echanistic level it is not clear what is involved in setting
p this axis. The 16-cell stage embryo is the only stage of
arly embryogenesis where cells normally have different
ontact relationships with reference to the future plane of
ilateral symmetry (Fig. 11A); the end cells have fewer
lastomere contacts (3) versus cells in the center (4). A
orphogen may be produced by the embryo that is not
etained as well as by the end cells because of their larger
urface area that is not in contact with neighboring cells
t this stage. A transient difference in morphogen con-
entration may give the end cells a different state of
etermination vis-a-vis the central cells at this stage. All
f the manipulations that change the orientation of the
lane of bilateral symmetry take a region that would be
n end cell at the 16-cell stage and move this region to a
ore central position. The correlation between the plane
f the first cleavage and the plane of bilateral symmetry
resumably stems from the fact that the subsequent cell
ivisions that set up the 16-cell stage occur in a stereo-
ypical manner with reference to the plane of the first
leavage (see Freeman, 1983, on the generation of cleav-
ge patterns).
While the axis along which anterior–posterior differenta-
s of reproduction in any form reserved.
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337Discinisca Regional Specificationtion will take place is determined between the 16-cell and
blastula stage, the decision about anterior–posterior region-
alization along this axis does not appear to be made until
later. Ideally one would like to produce presumptive ante-
rior and posterior halves at different developmental stages
and save both halves from a single embryo so that one could
monitor their differentiation. Presumptive anterior and
posterior halves isolated at the blastula stage form both an
apical and a mantle lobe; the only feature of the larva that
does not appear to be capable of regulating in these isolates
is the apical tuft. Halves that form only an apical lobe or an
apical lobe and a small mantle lobe versus halves that form
a small apical lobe and a normal-sized mantle lobe do not
appear until cuts are generated at the midgastrula stage.
This is also the stage where a half formed by a cut along the
plane of bilateral symmetry loses its ability to form setae on
both lateral sides.
The Comparative Developmental Biology of
Inarticulate Brachiopods and Phoronids
The phylum Brachiopoda has traditionally been divided
into two classes: Inarticulata and Articulata (Hyman, 1959).
A recent molecular phylogeny based on the SSU of rDNA
(Cohen and Gawthrop, 1997) has confirmed this grouping
and indicated that extant articulates are derived from an
inarticulate-like ancestor; however, this data set is not good
enough to resolve how extant inarticulate families are
related. Different methods of phylogenetic tree construc-
tion (weighted parsimony, maximum likelihood, and
neighbor-joining) generate different inarticulate phylog-
enies. Cohen and Gawthrop also show that the phylum
Phoronida is essentially an order of inarticulate brachio-
pods. In contrast to the Brachiopoda, the Phoronida lack a
TABLE 3
Comparison of Early Developmental Events in Inarticulate Brachi
Feature Glottidia
16-Cell blastomere configuration Bilateral
Time of cilia formation Postgastrula
Dorsal-posterior cell flattening
during late gastrulation
No
Location of presumptive anterior
ectoderm on fate map
Lateral
Animal ectodermal differentiation Early signal from vegeta
cells
Vegetal differentiation Signal from animal regio
not needed
First cleavage plane and axis of
bilateral symmetry
Yes
Time of anterior–posterior
specification
Four cell
Mode of anterior–posterior
specification
Cytoplasmic determinanconvincing fossil record. A cladistic study based on living
Copyright © 1999 by Academic Press. All rightrachiopods places the three living families of inarticulates
n one group and the articulates in another group (Carlson,
995); it also indicates that within the inarticulates the
ingulidae and Discinidae are more closely related to each
ther than they are to the Craniidae. Another set of cladis-
ic studies utilizing inarticulate fossils from the lower
aleozoic when many more families existed (Holmer and
opov, 1996; Popov et al., 1996) place the Discinacea and
he Lingulacea in the order Lingulida and the Craniacea in
separate order, the Craniopsida. Their study shows that
he Lingulacea are probably derived from a discinid-like
ncestor.
The embryologies of Discinisca, the lingulid Glottidia
Freeman, 1995), and Phoronis (Freeman, 1991) are com-
ared in Fig. 12 and Table 3. In Discinisca and Glottidia the
nimal pole of the egg can be traced back to the region of the
ocyte furthest from the genital lamella. Because of the way
ogenesis occurs in Phoronis one does not know if this
relationship holds (Zimmer, 1991). In all three groups the
initial cleavage plane coincides with the animal–vegetal
axis of the egg and the cleavage patterns through the 8-cell
stage are identical. At the fourth cleavage in Phoronis a
radial blastomere configuration is generated; in about 20%
of the cases in Glottidia and less than 5% of the cases in
iscinisca a radial blastomere configuration is also gener-
ted. In Discinisca the elongate 16-cell blastomere configu-
ration is generated by a set of fourth cleavages that parallel
the plane of the first cleavage furrow; the same division
pattern occurs in Glottidia. The cleavage patterns of Disci-
nisca and Glottidia are similar and differ from those of
Phoronis because of their bilateral character. The transition
from a bilateral to a radial pattern is easy to envisage and
may come about by changing the adhesive properties of
blastomeres. Both Phoronis and Discinisca embryos be-
and Phoronids
Discinisca Phoronis
Bilateral Radial
Late cleavage Late cleavage
Yes Yes
Lateral Animal
Early signal from vegetal
cells
Vegetal cells must be present
Signal from animal region
not needed
Animal pole cells must be
present
Yes No
Midgastrula Midgastrula
Inductive interaction Inductive interactionopods
l
n
tscome uniformily ciliated during late cleavage. In Glottidia
s of reproduction in any form reserved.
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338 Gary Freemancilia do not develop until after gastrulation and are only
present on specialized cell types.
In all of these groups gastrulation begins with the invagi-
nation of cells at the vegetal pole of the embryo; in every
case the blastopore becomes the mouth of the larva. During
later stages of gastrulation the flattening of presumptive
dorsal-posterior ectodermal cells leads to the elongation of
the anterior–posterior axis and the lateral displacement of
the future oral lobe in Discinisca and the preoral hood in
Phoronis embryos. This kind of cell behavior does not take
place in Glottidia. In Phoronis the anterior–posterior elon-
gation of the embryo is accompanied by the involution of
anterior-vegetal cells at the blastopore which also facili-
tates the movement of the future preoral hood to its final
anterior position. Involution does not appear to take place
in Discinisca. The morphogenetic movements during late
gastrulation are correlated with the position of the future
anterior ectoderm in the early cleavage stage embryo (Fig.
12A). In Glottidia the animal pole of the early embryo
forms part of the dorsal valve of the mantle lobe; the
ectoderm of the apical lobe derives from a lateral region of
the early embryo. In Discinisca the animal pole forms the
dorsal-most region of the apical lobe; however, the bulk of
the ectoderm that makes up the apical lobe also has a lateral
derivation. In Phoronis the animal pole forms the apical
late at the anterior end of the preoral lobe; in this case the
ulk of the anterior ectoderm originates from the animal
ole of the early embryo.
In Discinisca and Glottidia the presumptive ectoderm
from the animal region of the embryo will differentiate an
ectodermal hull with apical and mantle lobe cell types in
the absence of mesoderm and endoderm if it has been in
contact with the vegetal region of the embryo through the
blastula stage of development. Animal halves from embryos
of these animals isolated before this stage do not differen-
tiate, indicating that that they depend on an inductive
signal from the vegetal part of the embryo. In Phoronis
animal half ectoderm will not differentiate unless it is in
contact with cells from the vegetal region of the embryo. In
Discinisca and Glottidia vegetal halves isolated from the
eight-cell through the gastrula stage will form both an
apical and a mantle lobe. Vegetal halves isolated from
blastula through early gastrula stages of Phoronis do not
form larvae. This finding has been interpreted to indicate
that the vegetal half of the Phoronis embryo depends on the
presence of ectodermal cells from the animal half in order
to differentiate properly.
In all cases for Discinisca and most cases for Glottidia
embryos the plane of the first cleavage predicts the plane of
bilateral symmetry. In about 50% of the cases for Phoronis
the plane of the first cleavage separates the future anterior
from the posterior region of the larva; in the remaining
cases there is no relationship between the first cleavage
plane and the symmetry properties of the embryo. In
Discinisca changing the plane of the fourth cleavage (Fig.
10) changes the symmetry properties of the larva. The same
experiment has been done on Glottidia; here changing the
Copyright © 1999 by Academic Press. All rightplane of the fourth cleavage has no effect on the future
symmetry properties of the larva. This comparison shows
that different developmental mechanisms are being used to
set up the future anterior–posterior axes of the larvae of
these two groups. When blastomere pairs of 4-cell Glottidia
embryos are separated to give presumptive anterior and
posterior halves, one half of the isolates differentiate pri-
marily apical lobe structures while the other half of the
isolates differentiate primarily mantle lobe structures. The
same differentiation pattern can be seen in some pairs of
lateral halves prepared from unfertilized eggs where each is
subsequently fertilized and development is monitored.
These results suggest that there are lateral cytoplasmic
differences in the uncleaved egg of Glottidia that play a role
in specifying anterior and posterior differences just as there
are animal–vegetal differences. In Glottidia these anterior–
osterior lateral cytoplasmic differences would also play a
ole in orienting the first cleavage furrow. Specification of
nterior and posterior regions of the embryo occurs much
ater in Discinisca than it does in Glottidia and presumably
involves some kind of inductive mechanism operating
along the anterior–posterior axis of the embryo. The fact
that the anterior–posterior axis can be changed at the
16-cell stage in Discinisca indicates that lateral cytoplas-
mic differences that are laid down during oogenesis cannot
play this role. Phoronis is similar to Discinisca in that
anterior–posterior regional specification does not take place
until the midgastrula stage.
While each of these groups forms a planktotrophic larva,
following gastrulation the morphology of the phoronid
actinotroch larva becomes quite different from the larvae of
Glottidia and Discinisca. The transformation in the acti-
notroch larva at metamorphosis is much more complex
than the changes in the larvae of Glottidia and Discinisca
(Long and Stricker, 1991; Zimmer, 1991).
A number of features of early development are similar in
these three groups. However, many of the developmental
features that have been discussed here (Table 3) are com-
mon to both Glottidia and Discinisca but differ in Phoro-
is. This commonality probably reflects the fact that Glot-
tidia and Discinisca are more closely related to each other
than they are to Phoronis. Given the time of origin of the
superfamilies that Glottidia and Discinisca belong to, and
the long period of time during which they have had separate
evolutionary trajectories, the pattern of early development
has been remarkably stable. There are a few features of early
development that are common to Discinisca and Phoronis
but differ from Glottidia. These include time of cilia
formation, morphogenetic movements during gastrulation,
and time and mode of anterior–posterior regional specifica-
tion. These features may have been characteristic of a
common ancestor. There are no features of early develop-
ment that are common to Phoronis and Glottidia but differ
in Discinisca.
One important difference between the Lingulidae and the
Discinidae is the time of mantle formation during develop-
ment. In extant Discinidae the mantle forms during the
s of reproduction in any form reserved.
339Discinisca Regional Specificationlarval period, while in the Lingulidae the mantle initially
forms during embryogenesis and there is mantle growth
during the larval period. The shell material deposited by
these embryonic and larval mantles is preserved as part of
the adult shell in extant brachiopods and in suitably pre-
served fossil ancestors. During the Cambrian and Ordovi-
cian periods when most of the families that make up the
order Lingulida first appeared in the fossil record, the
species that make up these families had a larval mantle, a
character that has been retained by extant Discinidae to
this day. The basal members of the superfamily Lingulacea
also had only a larval mantle. The family Lingulidae origi-
nated during the Devonian period. At about this time an
embryonic mantle first appeared in the founding member of
the family and subsequently has been characteristic of the
family (Freeman and Lundelius, 1999).
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